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The purpose of this research project was to investigate
the effect of aging and treatment with polycyclic aromatic
hydrocarbons on an hepatic microsomal system, the cytochrome
P450. An examination was made on the ability of this system,
following treatment with test chemicals (20, 40, 60 days
test period), to activate 2-aminofluorene. The Salmonella
typhimurium histidine revertant assay, which is specific
for detecting certain frameshift and base substitutions, was
employed. The liver microsomal activation system was
incorporated directly into the top agar with the bacterial
strain and the test sample. This system was used to
analyze the mutagenic character of low dosage test sample in
concentrations found in finished drinking water (12 yg/l)
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and the effect of aging on the liver microsomal activation
\
potential.
Following mutagenic assays, the specific activity of
liver enzyme (cytochrome P450) from each sample was
determined, and a definite correlation between specific
activity of liver enzyme and mutagenic activity was
discovered. As mutagenic activity increases so does
specific activity of the liver enzyme.
Gel electrophoresis of 60 days induced tissues, because
of their higher mutagenic response, was selected for
analysis. Multiple forms of cytochrome P450 showed
indications of being produced by one chemical. The phenome¬
non of increased synthesis of one form of cytochrome P450
occurring at the expense of another seemed to be operative.
The effect of aging on liver microsomal activation
produced clear trends relating to cytochrome P450. Although
induced and uninduced animals showed increased activity as
a function of age such activity was not maintained throughout
with uninduced animals. However, old rats respond to
exogenous inducers as well as or better than young animals,
indicating no true impairment in regulation of hepatic drug
metabolism.
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The physical nature of the earth, particularly within
those first few feet above and below its surface has
rapidly changed in the past hundred years. This change,
primarily caused by man himself, presents both cultural and
genetic hazards. The magnitude of the potential lor genetic
damage cannot be determined with accuracy. We have very
little understanding of the normal function of most human
genetic material, little knowledge of the overall human
mutation rate, and mechanisms which maximize mutagenesis
in the human system. At this time man is rapidly synthesizing^
and widely disseminating many new and highly reactive chemi¬
cals often without any prior investigation of their potential
genetic toxicology. Any increase in the human mutation rate
will affect not only those children currently being conceived,
but also future generations (Drake, 1972).
In recent years, the term "industrialization” has been
subconsciously equated with a common chemical environment,
even though industrial societies may differ very widely.
Epidemiological studies and laboratory experiments with
mammals indicate that the majority of known environmental
carcinogens are synthetic organic chemicals (Loper et al.,
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1978; Arcos, 1978). Annually, thousands of new substances
or pollutants are added to a product list each year.
Identifying the mutagens and carcinogens that may present
human health hazards is a difficult task due to a 20 to 30
year latent period between initial exposure to a carcinogen
and the appearance of most types of human cancer. The
problem of detection is further complicated by the fact that
many chemicals show no mutagenic effect until acted upon by
the microsomal cyt P450 (Ames et al., 1973). Thus, the
actual effects of such substances or pollutants on the
incidence of cancer may just now begin to appear. This
situation emphasizes the importance of rapid test systems to
analyze the problem of environmental carcinogenesis.
Findings recently have heightened concern about possible
adverse long-range health effects resulting from the presence
of organic compounds in drinking water (New Orleans Report,
1975; EPA, 1977). Epidemiologic studies have indicated a
possible correlation between the incidence of cancer and the
pollution of drinking water (Dehoven and Dien, 1975; Page
et al., 1976). Polycyclic aromatic hydrocarbons are one
such group of pollutants consistently found in drinking
water supplies that have been analyzed.
The object of this research project was threefold:
(1) to use a rapid, established system (Ames Test) which
combines a rat or human liver homogenate and bacterial
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tester strain to test the effects of low level polycyclic
aromatic hydrocarbons on the induction of cytochrome P450.
(2) to investigate the correlation between mutagenic
activity (as determined by Ames Test) and specific
activity of liver enzyme, cytochrome P450, resulting from
its induction.
(3) to test the effect of age on the liver microsomal
activation system.
The results of this research has relevance both to
the environmental causes of cancer and the relationship




Tissues of the human body are engaged in cell division
and replacement throughout the lifetime of the individual.
Opportunity is therefore provided for the accumulation of
mitotic mutations in somatic cells, including both point
mutations and chromosomal damage. Mammals and most other
animals begin life as fertilized eggs. The difference among
each lie in the genetic material transmitted. The chemical
term for the genetic material is deoxyribonucleic acid (DNA).
Human (mammal) chromosomes contain enough DNA to make up
over a million genes even though the bulk of this DNA may
not be genes and its functions remain obscure.
One single gene contains an average of 1,000 nucleo¬
tides arranged in a specific linear order or sequence. The
sequence or linear order is divided into sets of threes,
called triplets (code words). Each triplet specifies an
amino acid, and the order of the three nucleotides in the
triplet determines which of the twenty amino acids is to
be selected from the amino acid pool.
Genes control the specificity, amount, and developmental
characteristics of proteins, which in turn determine normal
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growth and development as well as normal body functions.
Mutations in human genes may be innocuous', contributing
simply to normal variability, or they may be damaging,
causing an alteration in the function of the character
under gene control. Ideally, an assessment of the effect
of mutation on human beings should include the effects of
each mutation in each gene on the protein it specifies
(Childs et al., 1972).
Classical mutagenesis, occurring through incorporation
of base analogues into DNA as, for instance, when bromo-
uracil substitutes for thymine, is limited to altered DNA
because thymine occurs specifically in DNA. Other chemical
or physical agents do not show this specificity because
they change not only the DNA bases but also the bases in
different RNA species. In this way, they affect all
cellulur processes that influence genotypic expression
(Wacker and Chandra, 1969).
Mutation is the process by which mutants are formed,
and a mutant is an offspring or individual that is
genetically unlike its parent because of a sudden fundamental
change in its hereditary material. Mutations can be divided
into large and small, according to whether they affect an
appreciable length of the chromosome or only one or a few
points along its length. The large mutations consist
either of changes in the number of chromosomes in a cell.
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or of large changes within and among the chromosomes. The
loss of one or more chromosomes is very apt to produce
drastic effects, and typically results in the death of the
embryo at a very early stage resulting in spontaneous
abortion. The gain of an additional chromosome also
typically produces a drastic effect, since the balanced
interplay among many thousands of genes is disturbed.
Changes within and among the chromosomes consist both
of additions and of deletions of DNA sequences and also of
rearrangements of long sequences without any net change of
DNA content. Rearrangements, which consist either of
inversions or translocations, produce highly variable
effects. Deletions and additions may produce drastic
effects depending upon the length and nature of the region
affected. Mutations which involve additions or deletions
of nucleotides give rise to frameshift mutants. This muta¬
tion is referred to as frameshift because if one nucleotide
is added or removed, the entire message los^§ its meaning.
All of the code words on the right of the deletion are
affected and, hence, the wrong amino acids would be
specified.
Clearly, either a deletion or an addition of a
nucleotide would lead to a scrambled message, and since
many code words are affected, frameshift mutations would
generally destroy totally the activity of the gene in which
they reside. Most base pair substitutions produce
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relatively mild effects upon the activity of the affected
gene.
The agents (mutagens) that produce mutations in the
system act directly with DNA. They may (1) react with or
replace one of the components that will later be built
into DNA, (2) interfere with the availability of the compo¬
nents needed for DNA synthesis, (3) react with proteins
which in turn cause mutations in the DNA either by failing
to function at all or by functioning abnormally. Regardless,
the significance of mutations in humans, of course, is that
they frequently manifest themselves as clinical disease
(esp., Carcinogen). The above summary of mutagenesis is
from Drake and Flamm (1972).
Polycyclic Aromatic Hydrocarbons and DNA
The concept of carcinogenesis as an expression of muta¬
tion in DNA has been revised in recent years (Ames et al.,
1972a; Ames et al., 1972b). The molecular basis of chemical
carcinogenesis is largely unknown at the present time.
However, because carcinogens or their active metabolites
react preferentially with DNA both in vivo and in vitro,
many persons have suggested that a chemical reaction with
DNA is the basis of drug-induced carcinogenesis (Slater
et al., 1971).
One group of chemicals that has shown interactions with
DNA is polycyclic aromatic hydrocarbons. These hydrocarbons
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consist of three or more fused benzene rings in linear,
angular or cluster arrangements. By definition they
contain only carbon and hydrocarbon. Nitrogen, sulfur
and oxygen atoms can be readily substituted for carbon
atoms in the rings. The resulting heteroaromatic com¬
pounds are commonly grouped with the hydrocarbons, which
they resemble in their properties and behavior in
analysis (Blumer, 1976),
A mechanism has been proposed to explain polycyclic
aromatic hydrocarbons interaction in terms of insertion of
the aromatic molecules between the DNA bases in disordered
stretched sections (Liquori et al., 1962). Grover et al.
(1972) have shown that the metabolism of pyrene or
benzo(a)pyrene (polycyclic hydrocarbon) by rat-liver
chromosomes leads to the formation of intermediates that
react with DNA. These and other polycyclic hydrocarbons
are mainly metabolized to hydroxylated derivatives which
are now known to arise from epoxides formed by the action
of the NADPH-dependent microsomal mixed function oxidase.
The Mutagenic and Carcinogenic Relationship of
Polycyclic Aromatic Hydrocarbons
Mutagenic potential of carcinogenic polycyclic hydro¬
carbons and their relationship between mutagenicity and
carcinogenicity was first demonstrated in mammalian cells
by Huberman and Sachs (1974a). In their experiments.
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V79 cells co-cultlvated with a lethally irradiated feeder
layer of hamster fibroblasts produced toxic and mutagenic
effects by carcinogenic polycyclic hydrocarbons to an
extent consistent with the carcinogenicity of the hydro¬
carbon exposure. Newbold et al. (1977), attempted to
characterize a similar system in terms of the target cell
DNA-hydrocarbon reaction for benzo(a)pyrene and 7-methyl-
benz(a)anthracene (polycyclic hydrocarbon carcinogens)
and for two mutational markers (Ova^ and Az^^). Newbold's
experiments presented evidence this reaction is typical of
that which occurs in vivo under tumorigenic conditions and
in primary cell cultures, including human lung fibroblasts.
A number of polycyclic hydrocarbons that were tested in
this system showed a positive correlation between the
appearance of markers in vitro and the carcinogenicity of
these compounds in experimental animals (Berwald and Sachs,
1963, 1965).
Carcinogenic polycyclic hydrocarbon injection into
normal golden hamster embryo cell cultures resulted in
malignant cell transformation with concommitant cytotoxicity.
Normal cells with normal oriented growth pattern and a limit¬
ed life span, are converted into cells that are characterized
with hereditary random cell growth patterns that grow
continuously in culture. Adult hamsters showed tumorous
formation upon subcutaneous inoculation (Dipaolo and
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Donovan, 1967; Dipaolo et al. , 1969; Dipaolo et al.,
\
1971) .
Effects of different doses of benzo(a)pyrene selected
as carcinogenic polycyclic hydrocarbon representatives on
normal golden hamster embryo cells showed that the fre¬
quency of transformed colonies was directly related to
the dose of carcinogen. Analysis of the dose-response
curve was indicative of a one-event ("one-hit") response
for transformation by the carcinogen, benzo(a)pyrene
(Huberman and Sachs, 1966; Huberman, 1975). Other
studies have demonstrated that transformation and cyto¬
toxicity by benzo(a)pyrene are due to two separate events;
(a) one-hit dose responses for transformation, and
(b) induction (Brookes and Lawley, 1964; Chen and
Heidelberger, 1969; Gelboin et al., 1969; Mondal and
Heidelberger, 1970).
Since carcinogenic polycyclic hydrocarbons do bind to
DNA in rodents (Brookes and Lawley, 1964; Goshman and
Heidelberger, 1967; Kuroki and Heidelberger, 1971), and
combined with the one-hit response for transformation by
carcinogenic polycyclic hydrocarbons (Gelboin et al., 1969),
evidence suggests that transformation can evolve a single
alteration in the genetic constitution of the treated cells.
Experiments have shown (Huberman et al., 1974b) that the
metabolism and cytotoxic effect of carcinogenic polycyclic
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hydrocarbons can be regulated by treating cells with
dibutyryl cyclic AMP (dcAMP), aminophylline, theophylline,
or prostaglandin which increases the cellular level of
cAMP. A lower level of cAMP (Otten, according to Huberraan
et al., 1974b) may, therefore, account for the growth
advantage of transformed cells that are resistant to the
cytotoxic effect of carcinogenic polycyclic hydrocarbons
(Huberman and Sachs, 1968).
Treatment of cells with aminophylline increased the
cytotoxicity of eight weak and potent carcinogenic poly¬
cyclic hydrocarbons, but did not convert the two non-
carcinogenic polycyclic hydrocarbon, pyrine and phenan-
threne, into cytotoxic compounds. Absence of cytotoxic
effects by these non-carcinogenic hydrocarbons is presumably
due to the fact that the amount of reactive metabolites did
not reach a sufficient level for cytotoxicity (Huberman and
Sachs, 1974b).
The amount of benzo(a)pyrene (BP) metabolism in 27
different cell types derived from humans, monkeys, golden
and Chinese Hamsters, mice and rats, ranged from less than
0.1 g to 2.3 g metabolized benzo(a)pyrene (BP) per 10®
cells. Treatment of these different cell types with amino¬
phylline produced several effects: (1) an increase in BP
metabolism, (2) an induction of metabolism in cells that
did not metabolize without aminophylline, or (3) no induction
even after treatment with aminophylline and dcAMP. The
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induction of metabolism was associated with the conversion
of cell resistance to cell susceptibility,and to the cyto¬
toxic effect of BP, The existence of responding and
nonresponding cell lines indicates that the regulation of
the level of polycyclic hydrocarbon metabolism by dcAMP is
genetically controlled. Therefore, carcinogens may produce
somatic mutations that involve the genes that control
malignancy (Yamamoto et al., 1973).
Problem of Correlating Some Mutagenic and
Carcinogenic Activities
Direct correlation between the mutagenic and carcino¬
genic activities of a number of potent carcinogenic poly¬
cyclic hydrocarbons has not yet been found. Metabolically
active forms of carcinogens are mutagenic to bacteria and
phages, whereas the parent compounds are not (Corbett et al,,
1970). One of the major difficulties in establishing a cor¬
relation between carcinogenesis and mutagenesis is that the
metabolic activation, which appears to be a prerequisite for
both processes, does not take place in many test systems used
for the assay of mutagenic activities. Polycyclic aromatic
hydrocarbons, which are chemically of low reactivity and are
not significantly mutagenic, must be metabolically activated
to a chemically reactive compound that is mutagenic (Miller,
1970; Huberman et al,, 1971a; Huberman et al., 1971b).
Progress has been made recently with systems for
studying chemical mutagenesis in mammalian cells. Chinese
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hamster cell lines with high plating efficiencies and
stable karyotypes have been scored for mutation by
measuring the appearance of auxotrophic mutants (Kao and
Puck, 1968). Determining drug resistance is another
measure of mutagenesis because the possibility that
resistance to 8-azaguanine which is correlated with the
loss of guanine phosphoribosyltransferase activity, which
might be linked to the X-chromosome in Chinese hamster cells,
has influenced its choice as a marker in these experiments
(Chu and Mailing, 1968; Westerfeld et al., 1971).
Slater et al. (1971) have devised a rapid detection
system for mutagenic and carcinogenic substances. However,
the effectiveness of their system is dependent on non-
metabolic activation requirements of some carcinogens.
Recently, a simple, rapid, sensitive and economical method
for detecting carcinogens that cause point or frameshift
mutation has been devised (Ames et al., 1973; Ames et al.,
1975). Bacteria (Salmonella tester strains) are used as a
test system for carcinogen detection, because so many
carcinogens appear to be mutagens acting on DNA and all DNA
is basically the same. McCann et al. (1975) have demon¬
strated a high correlation between carcinogenicity and
mutagenicity with this test. Approximately 90% (156/174) of
carcinogens were mutagenic in test systems despite the severe
limitations inherent in defining non-carcinogenicity, few
non-carcinogens showed any degree of mutagenicity. Some
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polycyclic aromatic hydrocarbons are included in this list.
The limitation of the inability of bacteria to duplicate
mammalian metabolism is overcome by adding human or rat
liver homogenates and a TPNH-generating system directly to
the petri plates. The importance of metabolic activation is
further emphasized by the fact that six parent hydrocarbons
failed to cause cytotoxic effects in human fibroblasts due
to the lack of a measurable level of mixed function oxidases
and related enzyme systems needed to metabolically activate
hydrocarbon molecules (Maher et al., 1977). Furthermore,
with reactive metabolites and derivatives of the hydro¬
carbons, the fact that the survival curves for the four
strains receiving the various K-region epoxides bear the
same relationship to one another as do the exponential
portions of their respective UV survival curves and that each
of the sets of curves reflects the capacity of the respective
strains to carry out repair of UV-induced DNA damage is
indirect evidence that such hydrocarbon epoxides cause damage
to DNA. That such damage is potentially lethal if left
unexcised, and that both UV-induced DNA damage and the
hydrocarbon-induced DNA damage are repaired, at least in
part, by a common pathway which is defective in xeroderma
pigmentosum cells. It was hypothesized that UV-induced DNA
damage and the hydrocarbon-induced DNA damage both cause a
distortion in the DNA helix which is recognized by a common
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endonuclease or other protein(s) involved in DNA excision
repair which is defective, or absent in classical xeroderma
pigmentosum.
Historical Survey of Cytochromes with
Emphasis on Cytochrome P-450
According to Lemberg and Barrett (1973), development of
our knowledge on the cytochromes as respiratory catalysts of
haemoprotein nature began with the spectroscopic observation
of MacMunn in 1886-1889. Attacks by Hoppe-Seyler and Levy
around that time on MacMunn publications overlooked their
claim of identity of myohaematins with myoglobin partly
justified by a premature attempt at isolation from muscle
and the claim of the absence of myoglobin from muscle could
not possibly explain the many observations of MacMunn. This
was one occasion when destructive criticism by a recognized
authority delayed the development of a field for nearly
forty years. Further delay was prevented due to Keilin's
profound biological knowledge. His skillful observations
with well-suited instruments and supreme knowledge due to
observations on a great variety of cells and tissues laid
the foundations of our knowledge of the cytochrome between
the years 1925-1929. Also, according to Lemberg and
Barrett (1973) early development of our knowledge on cellu¬
lar respiration came from Keilin’s work described in his
posthumous book, The History of Cell Respiration and
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Cytochromes, edited by Joan Keilin in 1966. Keilin first
spoke of "cytochrome," but later recognized that the typical
four-band absorption spectrum was due to several different
compounds which he called cytochromes a, b and c. His non-
acceptance of the name "histohaematins" was due to the
realization that these compounds were not simple haematin
compounds, but haemoproteins of a class now known as ferro-
and ferrihaemochromes with typical spectrum obtained on
reduction being due to three types of ferrohaemochromes. He
proved convincingly that the change of iron valency was
connected with their respiratory function as electron car¬
riers between molecular oxygen, activated by an enzyme, and
substrates activated by specific dehydrogenases (Lemberg and
Barrett, 1973). An enzyme reacting with oxygen, first
described as Nadi-oxindophenol oxidase and later as cyto¬
chrome c oxidase, and assumed by Keilin to be a copper
enzyme, was later identified as Warburg's Atmungsferment and
what is now called cytochrome aa^ (Keilin, 1930; Keilin and
Hartree, 1939; Lehninger, 1978). With the ingenious use of
the carbon monoxide inhibition of the respiration of yeast,
Warburg demonstrated the haemoprotein nature of the oxidase
by its photochemical action spectrum. Thus, Keilin's work
finally closed the gap in the respiratory chain between the
oxidase and the flavin enzymes.
During the next 12 years or so purification of the
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cytochromes and their crystallization made rapid progress.
Crystallization of the cytochrome c from king penguin
muscle (Bodo, 1955) was soon followed by the crystallization
of a great niimber of cytochromes c, especially by the
Okunuki school (Hagihara et al., 1956a, b; 1958a, b; Paleus
and Theorell, 1957). A number of cytochromes b have been
crystallized, and the amino acid composition of several
cytochromes have been established.
Discovery and Occurrence of P-450
Knowledge acquired during the early 1950's provided
evidence that liver endoplasmic reticulum, or its fragments -
the mocrosomes, contain an enzyme system capable of con¬
verting certain drugs and aromatic substances to more polar
compounds (Brodie et al., 1955; Mitoma et al., 1956). Such
knowledge provided great impetus to the study of drug
metabolism. Many different reactions are known to be
catalyzed by liver microsomes, and to require NADPH and
molecular oxygen. Among these reactions are N, 0, and S
dealkylations, side chain oxidations, and ring hydroxyla-
tions (Schenkman et al., 1966).
The presence of a pigment that can react with carbon
monoxide and accompanying cytochrome b^ in microsomes was
discovered by G. R. Williams at the Johnson Foundation in
1955 and Garfinkel (1958). According to Lemberg and
Barrett (1973), Sato and his associates suggested the name,
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"reticulochrome," but P450 was not restricted to microsomal
membranes. P450 was characterized by an unusual soret band
of the carbon monoxide compound at 450 nm, hence, the name
P450. Omura and Sato (1962,1964) further described it and
found that mammalian liver microsomes in the reduced state
shows absorption bands at 420 my and when CO compound was
added to reduced microsomes, an intense absorption band
shift was detected at 450 my and thus was readily detected in
dithionite-treated microsomes by difference spectrophotometry.
They were the ones who established the protohaem nature of
the prosthetic group, after Klingenberg had already shown
that it gave, with pyridine, a haemochrome spectroscopically
indistinguishable from protohaemochrome. The presence of P450
in microsomes explains why cytochrome b^ forms the smaller
part of microsomal protohaem, which corresponds to their sum
with only little haemoglobin being present. Cytochrome P450
has been found in mitochondria of rat adrenals (Harding et
al., 1964,1966), in mitochondria from bovine adrenal cortex
(Kinoshita et al., 1966; Cammer and Estabrook, 1967) and
fragments of liver endoplasmic reticulum (Remmer et al.,
1966; Schenkman et al., 1967b).
The biological function of "mixed function oxidases,"
or hydroxylases or monooxygenases hydroxylating various
sterols, drugs, aromatic hydrocarbons, and aliphatic
hydrocarbons and carboxylic acids (Mason, 1957; Mason et al.,
1965) was known before the role of cytochrome P450 in these
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reactions was demonstrated. In such reactions in which
NADPH is the reductant (Cammer and Estabrook, 1967; Simpson
and Estabrook, 1968), P450 functions as terminal oxidase.
P450 as a mixed function oxidase obeys the general
formula of Mason (1957):
+ AH2 + NADPH + O2 AHOH + NADP'^ + H2O
Hydroxylation catalyzes insertion of one oxygen atom of
molecular oxygen into the organic substrate, the other
atom is reduced to water. One mechanism postulated for the
hydroxylation of organic substrates by liver microsomal
P450 is given by Lehninger (1978)(Fig, 1).
Liver microsomes catalyze hydroxylation of many types
of substrates, including steroids, fatty acids, squalene,
and certain amino acids. They further promote hydroxyla¬
tion of various drugs, e.g., phenobarbitol, morphine,
codeine, amphetamines, and carcinogenic hydrocarbons like
methyl cholanthrene. Hydroxylation of these normally
foreign substances is a step in their metabolism. Flavo-
protein and P450 are inducible. Since substrate interaction
with hepatic microsomal cytochrome is dependent on the
concentration of cytochrome P450 (Schenkman et al., 1967),
any agent that will cause such increase may subsequently
increase the efficiency of hydroxylation and carcinogenic
activation. It is significant that pretreatment of
experimental rats with such chemicals as phenobarbitol
P450-A
le“












Fig. 1. Mechanism postulated for the hydroxylation of
organic substrates by the liver microsomal
P450 system. The substrate A first combines
with the Fe^"^ form of P450, which is then
reduced by one electron from NADPH to the
Fe^"'' form. The latter is then oxygenated
and a second electron from NADPH converts
the bound oxygen into the O2- radical. An
internal oxidoreduction ensues, with the
formation of the hydroxylated substrate and
H2O, which contains the oxygen atoms
introduced as 02- Free P450 is regenerated
in its Fe^"^ form. In some cells an iron-
sulfur protein transfers electrons from
FADH2 to P450.
21
polychlorinated bipheuols, or benzypyrene increased the
concentration of cytochrome P450 present in the hepatic
microsomes (Remmer et al., 1965; Ames et al., 1973).
Utilization of rat liver enzymes to activate the muta¬
gen before testing is an important aspect of the Ames test.
It has been found that one of the functions of the liver is
to detoxify certain ingested materials. These enzymes in
certain instances also convert some pro-mutagenic substances
into active mutagenic substances. These liver enzymes are
a part of a non-phosphorylating microsomal electron-
transport system, the cytochrome P450. Hydroxylation
reactions involving cytochrome P450 is probably the first
step in metabolic activation. It is significant that pre¬
treatment of experimental rat with such chemicals as pheno-
barbitol, polychlorinate biphenols, or benzypyrene increased
the concentration of cytochrome P450 present in the hepatic
microsome (Remmer et al., 1965; Ames, 1973). This process
is commonly referred to as induction of microsomal liver
enzymes. Ames has found that many non-mutagenic chemicals,
or known carcinogens show no mutagenic effect until acted
upon by the microsomal enzymes, a process commonly referred
to as chemical activation (Fig. 2).
Aging and Carcinogenesis
More than three decades ago Berenblum and Shubik (1949)
demonstrated that the process of epidermal carcinogenesis
Process of Chemical Activation
0 0
r 0 j
Liver enzymeI ^ 1 > [o jCytochrome P450
Benzo(a)pyrene 5,6-Epoxide
(Results in Ames Test)
Auxotroph Prototrophs
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Fig, 2. Ames has found that many non-mutagenic
chemicals, or known carcinogens, show no
mutagenic effect until acted upon by the
microsomal enzymes.
23
could be shown to occur in at least two distinct stages.
The first stage of epidermal carcinogenesis, termed
initiation, could be induced by a single direct application
to the skin of mice of a carcinogenic hydrocarbon, 1.5% of
9:10-dimethyl, 1:2 benzan Thracens. Studies later demonstrat¬
ed that initiation of the skin could be induced by an
alkylating agent such as B-propiolactone (Slaga et al., 1973)
or by oral administration of urethan (Berenblum and Haran-
Graha, 1957).
The second stage, termed promotion, of epidermal
carcinogenesis required continuous application of the promo¬
ting agent following the treatment with the inducing agent.
Promoting agents in many instances induced a significant, if
not passive hyperplasia of the skin. Shubik (1950) clearly
demonstrated that hyperplasia itself without the initiator
was insufficient to provoke the neoplastic transformation.
Studies later by Tannenbaum (1944) and Boutwell et al. (1949)
showed that the stage of promotion could be modulated by
dietary manipulation of the animal during the process of
carcinogenesis. Berenblum and Shubik (1947), Forbes (1965),
and Van Durren et al. (1963) demonstrated the process of
initiation to be essentially irreversible. Furthermore,
certain chemicals, especially the carcinogenic polycyclic
hydrocarbons, by continuous administration, could be
demonstrated to induce benign and malignant skin tumors
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without the addition of any promoting agent. These chemicals
were considered to be complete carcinogens for the skin in
contrast to urethane, which, given orally by itself, produced
no skin tumors unless a promoting agent such as croton oil
was applied to the skin. Therefore, urethane was considered
to be an incomplete carcinogen and agents exhibiting promoting
activity only were essentially non-carcinogen.
Aging
It has been known for some time that the incidence of
cancer increases with aging in human ana in many other
populations (Pitot, 1977). Experiments by Peto et al. (1975)
demonstrated experimentally that mice treated by skin
painting with repeated applications of benzo(a)pyrene
developed skin tumors as a function of exposure duration to
this complete carcinogen irrespective of the age of the ani¬
mal within limits of the experiment. They concluded that no
intrinsic effects of aging (failing immunological surveillance
or age-related hormone changes) was necessary to explain the
vast increases of the incidence rates of human cancer with
age. However, Ebbesen (1974) demonstrated that when mouse
skin of young and old animals was treated with several
applications of dimethylbenz(a)anthracene and then grafted
to young recipients, a higher incidence of carcinoma
developed in grafts from old donors than from young. Later
Van Durren and associates (1975 and 1978), using experiments
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to examine the two-stage process of carcinogenesis in mouse
skin, demonstrated a general decrease in the rate of tumor
production with an increase in age at the time of tumor
promotion. These studies demonstrated the aging process of
these animals inhibited the action of, or decreased the
effectiveness of the action, of a promoting agent (phorbal
myristate acetate) in promoting skin tumors initiated by
polycyclic hydrocarbons. Even though these experiments
do not agree with earlier studies by Roe et al. (1972), they
do appear more complete. Therefore, in mouse skin, it is
likely that alterations produced in the host by the process
of aging are capable of increasing the promotion process
of carcinogenesis. Decloitre et al. (1973) and Klein (1966)
independently have shown in hepatocarcinogenesis that the
feeding of p-dimethylaminoazobenzene or diethyInitrosamine
in the diet for 3 to 6 months, respectively, resulted in a
higher hepatoma incidence in younger than older animals.
In contrast to the decrease in incidence of tumors seen
with age in the systems mentioned above, urethane-induced
lung tumors and N-nitro-N-methylurea-induced carcinomas of
the forestomach were unrelated to age at treatment (Klein,
1966; Terracini et al., 1976). Subcutaneous sarcoma
production by 3-methylcholanthrene was increased in older as
compared with weaning mice (Franks and Carbonell, 1974).
Although no generalization can be made from these studies.
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it is clear that aging of the host modifies the stage of
promotion of carcinogenesis in particular'tissues, including
skin, liver and thymus. Likewise, it is also clear that
host-tumor interaction, as related to the age of the host,
differs from organ to organ.
Dimethyl Sulfoxide (DMSO) and Ames System
Alexander Saytzett was the first to synthesize Dimethyl
Sulfoxide (DMSO) in 1866. DMSO is a highly polar, aprotic
water miscible organic liquid (MacGregor, 1966). Most stu¬
dies indicate that DMSO is metabolized to dimethyl sulfide
and dimethyl sulfone as end products of its interaction with
other compounds in biological systems. Ando (1957) demon¬
strated the ability of bacteria to reduce DMSO to dimethyl
sulfide under specific anaerobic conditions, and thus, act
as a source of oxygen. Rammler and Zaffaroni (1967) suggested
that one of the chemical properties of DMSO, particularly its
ability to be oxidized, could be utilized nonspecifically by
cells. Wong et al. (1971) found that man and miniature pigs
transformed DMSO to dimethyl sulfone and dimethyl sulfide.
Dimethyl sulfone was excreted in the urine, whereas dimethyl
sulfide was eliminated in air expiration. Ames et al. (1975)
generally dissolved compounds not water soluble in dimethyl
sulfoxide (spectrophotometric grade, sterile as is), and
found that it was possible to add up to 0.5 ml of dimethyl
sulfoxide per plate in the Ames test without interfering
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with mutagenesis.
Polycyclic Aromatic Hydrocarbons and
Water Pollutants
Concern has heightened recently (New Orleans Report,
1975; EPA, 1977; Loper et al., 1978) about possible adverse
long-range health effects resulting from the presence of
organic compounds in drinking water. Today, it is generally
suspected that most human cancer occurs after exposure to
agents in the environment, and epidemiologic studies have
indicated a possible correlation between the incidence of
cancer and the pollution of drinking water (Dehoven and
Dien, 1975; Page et al., 1976; Kuzma et al., 1977).
Polycyclic aromatic hydrocarbons are one such group of
pollutants consistently found in drinking water. Concentra¬
tions in U.S. cities alone ranged in low levels from
0.004 yg/1 to 2 ug/1 (New Orleans Report, 1975; EPA, 1977).
If low level concentrations of polycyclic aromatic hydro¬
carbons can be shown to establish a cause and effect
relationship in terms of mutagenesis, such a relationship





The outline below summarizes the various sections of
this research on cytochrome levels induced by low level
polycyclic aromatic hydrocarbons and the aging process.I.Mutagenesis assay with low level exposure to
polycyclic aromatic hydrocarbons (PAH)II,Mutagenesis assay with low level exposure of
combined mix to PAH found in water suppliesIII.Induction levels of the solvent DMSOIV.Spectrophotometric assay for cytochrome P450
in liver tissues used in mutagenesis assayV.Gel electrophoresis assay of liver tissues
used in mutagenesis assayVI.Aging study
Experimental Animals
The animals used for observations and experimentations
were the mouse strain C57BL/6J, and the rat, Fischer 344.
The mice strain was obtained from the Jackson Laboratory,
Bar Harbor, Maine. The Fischer 344 rats were obtained from
Harlan Industries, Inc., Indianapolis, Indiana.
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Induction of Liver Microsomes in Mice
(Mutagenesis Assay)
Eight-week-old male mice were injected with low levels
(12 ug/1) of the polycyclic aromatic hydrocarbons - chrysene,
anthracene, fluorene, fluoranthene, naphthalene, and benzo-
(a)pyrene, each separately for a period of 20,40, and 60
days. A total of 40 mice was used per test group. To test
for a possible synergistic effect, the following polycyclic
aromatic hydrocarbons were tested in a mixture: benzo(a)-
pyrene, benzo(a)anthracene, benzo(f)fluoranthene, benzo(ghi)-
perylene, chrysene, fluorene, fluoranthene, indeno(1,2,3cd)-
pyrene, phenanthrene, pyrene, and anthracene for 60 days only.
The rationale for using these was that some are known muta¬
gens, such as benzo(ghi)perulene and indeno(1,2,3cd)pyrene.
Others were selected from a list of PAH's found in U.S.
drinking water. The 60 days test period was selected because
if a synergistic effect can be shown to occur here such a
possible effect might occur at lower test periods. The
initial concentration for injection was taken from a study
of New Orleans area water supply (New Orleans Report, 1975;
EPA, 1975). Also, injections were given every other day lor
designated periods indicated above at a volume of 0.2 ml/
mouse. The volume administered was adjusted to the animal
body weight giving a dose level proportional to that
consumed by a 100 lb individual drinking eight glasses of
water daily. All solutions were prepared using Dimethyl
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Sulfoxide (DMSO) as the initial solvent (stock). Solutions
were diluted to desired concentration with deionized
distilled water ad libitum and Purina Laboratory Chow
until 12 hr prior to sacrificing, when food was removed.
Each group was sacrificed two days after the last injection.
Induction of Liver Microsomes in Rats
(Aging Study)
Procedures for rat liver induction were according to
the method of Ames et al. (1975), with some modifications.
Young rats, age 3 to 18 days, were bred to insure accuracy
of age. Since experiments involved rats of different post¬
natal ages (3 and 14-18 days; 6 and 22 months) and weight,
appropriate injection/volumes for young Fischer 334 rats
were determined for each group 3 and 18 days. The appropriate
volume was determined for each rat of the older group (6 and
22 months). A single intramuscular injection was administer¬
ed to young rats (3 and 14-18 days), and single i.p. injec¬
tion to older rats (6 and 22 months). Injections of Aroclor
1254 (diluted in corn oil to a concentration of 200 mg/ml,
at a dosage of 500 mg/kg was given to each rat five days
before sacrificing. The rats were given drinking water
ad libitum and Purina Rat Chow until 12 hr prior to sacri¬
ficing. when the food was removed. On the fifth day
following injection, the rats were decapitated and liver
homogenates were prepared immediately.
Liver Homogenate and S-9 Fraction
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The procedures of Ames et al. (1973), who adopted the
procedure of Garner et al. (1972), was used to prepare
liver homogenates. All steps were performed at 0-4 C with
cold sterile solutions and glassware. Mice or rat livers
were placed in pre-weighed beakers containing 0.15M KCl.
After determining weights, livers were transferred to
beakers containing 3 volumes of 0.15M KCl (3 ml/g wet liver),
minced with sterile scissors, and homogenized in a Potter-
Elvehjem apparatus with a teflon pestle. Three centrifuga¬
tions of the resulting homogenate was done to remove cell
debris, unbroken cells and mitochondria. The homogenate
was centrifuged at 800 rpm for 15 min, 12,000 rpm for
15 min, and 15,000 rpm for 60 min in a Beckman J-21B
Centrifuge with a JA20 rotor. The supernatant, called the
S-9 fraction, was decanted and saved by distributing it in
2 ml portions in small plastic tubes, quickly frozen in dry
ice and stored at -80 C. Sufficient quantities of S-9 frac¬
tion were thawed, kept in ice and used for the preparation
of S-9 mix. Protein determinations of S-9 fraction were
made with the Bio-Rad Protein Assay (Bradford, 1976).
Preparation of S-9 Mix
The S-9 fraction plus compounds necessary for the
activation of liver microsomes will be referred to as S-9
mix. The S-9 mix contained per ml: S-9 fraction (.02-3
ml), MgCl2 (8 ymoles), KCl (33 ymoles), glucose-6-phosphate
(.0141 g/ml) prepared with sterile water and was stored in
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2 ml portions at -20 C. Fresh S-9 mix was prepared for
each experiment. The S-9 mix was filter sterilized
through a 0.45 ypore Nalge disposable filter and main¬
tained on ice during use.
Media
Top agar (0.65% Difco Agar, 0,5% NaCl) was autoclaved
and stored at room temperature (23 2 C) in 100 ml volume
bottles. Before use the agar was melted and 10 ml of a
sterile solution of 0,5raM L-histidine HCl-0.5mM biotin was
added to molten top agar to allow the bacteria on the
plate to undergo several divisions. This growth process
is necessary for mutagenesis. Also, this slight background
growth will allow any inhibition due to toxicity of the
compound to be observed,
Petri plates (100 x 15 mm) contained approximately 30
ml of minimal-glucose agar. Bacto-Difco Agar (1.5%)
containing glucose (2%) was used. Dimethyl Sulfoxide (DMSO)
was used as solvent for the chemicals. Five-tenths ml of
DMSO was added to a test plate without interfering with
mutagenesis (Ames et al., 1975). Sterility controls on Penn
Assay plates were prepared with each chemical solution.
Plate Incorporation
The procedure outlined by Ames et al. (1975) was used
for detection of carcinogens as mutagens, with little
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modification. The plate incorporation assay was as follows:
to 2 ml of molten top agar (45 C) in small sterile test
tubes (13 X 100 mm), 0.1 ml (approx. 2.5 x 10® cells/ml)
of an overnight bacterial tester strain was added. The
appropriate concentration of the compound to be tested
(0.1 ml) was added to the top agar tube. Also included in
the top agar was the S-9 mix (described above).
Each experiment included 8 plates at each test
concentration of the chemical, and 8 control plates with
the tester strain. All plates were incubated at 37 C for 3
days. Revertant colonies were counted with a BioTran II
Automatic Colony Counter (NBS Model Clll; Edison, N.J.).
Bacterial Strain
The various strains of bacteria used were developed
by Ames et al. (1973, 1975) from Salmonella typhimurium.
The tester strains for this study are listed below with their
mutation types and specificity for various mutagens.
TA1537 contains a histidine frameshift mutation,
hisC3076, which is reverted to the wild type by various
carcinogens, including 0-aminoacridine, epoxides of poly¬
cyclic hydrocarbons, and a number of polycyclic hydro¬
carbons that have been activated by a mammalian microsomal
system.
TA98 and TAIOO are derivatives of standard tester
strains TA1535 and TA1538 that contain a R-factor plasmid.
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pKMlOl. According to Ames et al. (1975), the presence of
the R-factor increases mutagenesis to certain mutagens that
had previously been detected only weakly (McCann et al.,
1975).
Standardization
Strains TA1537, TA98 and TAIOO were standardized
according to the Ames top agar layering technique (Ames
et al., 1975). Strains were assayed for revertant rates
prior to use. The normal revertant rates were determined
by calculating the mean and standard deviation for each
strain used.
During this research project the genotypes of all
strains used were routinely checked by the following tests:
(1) Crystal violet test for the existence of rfa
mutation
(2) Ampicillln test for the existence of a plasmid
in both strains TA98 and TAIOO
(3) S-9 activity test (strain 98 was used with 10 ug/
plate of 2-aminofluorene to test S-9 activity)
(4) Sterility tests of the chemical and S-9 mix
(5) Increased mutation rate of each strain with known
mutagens
If the tests above failed to give expected results, all test
plates to be assayed on that day were discarded. Also,
optimum concentrations of liver fractions in the S-9 mix
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were determined for 2-aminofluorine and benzo(a)pyrene.
Microsomal Preparation and •
Spectrophotometric Analysis
Rats or mice were decapitated, and the livers perfused
via the hepatic artery or portal vein with a cold solution
of S.E.T. (250mM of Sucrose, O.lmM of EDTA, and lOmM of
Tris-HCl). The livers were excised, weighed, finely minced
with sterile scissors, and homogenized in 15 voiiune by
weight of S.E.T. The livers were homogenized in a Potter-
Elvehjem Apparatus with a teflon pestle, and the homogenate
taken through several centrifugations to remove cell
debris and mitochondria. The homogenate was centrifuged
at 3,000 rpm for 5 min, and 12,000 rpm for 10 min in a
Beckman J-21B Centrifuge. In each case the pellets of cell
debris and mitochondria were discarded and the supernatant
saved. The microsomes were sedimented by centrifugation
at 78,000 X g for 90 min in a Beckman L5-65 Ultracentrifuge.
The firmly packed pellet of microsomes were resuspended in
a few ml of S.T. (250mM of Sucrose, lOmM Tris-HCl, pH 7.4).
The resuspended microsomes were then placed on a step-wise
sucrose gradient (0.9M, 0.92M, 0.95M, 0.97M, and l.OM),
and centrifuged again at 78,000 X g for 90 min. The cyto¬
chrome P450 band was extracted and protein determined by
the Bio-Rad Protein Assay (Bradford, 1976). The procedures
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for extraction of microsomes were those of Dr. C. Moore
(personal communication, 1979). The carbon monoxide
difference spectra were measured in a Cary Model 14
Spectrophotometer, in accordance with the procedure of
Omura and Sato (1964). The extinction coefficient of
-1 -1
91mM cm was used in all cytochrome P450 determinations.
Gel Electrophoresis
Sodium Dodecyl Sulfate - Polyacrylamide Gel Electro¬
phoresis (SDS-PAGE) was performed on tissue extracts from
60 days test period according to the method of Laemmli
(1970). Gradient gel (5%-15%) were used minus standard 3%
stacking gel and run for 10 hr-30 min at 25.2 C. Gels were
stained in 0.2% Coomassie Blue for 2-5 hr. Gels were
diffusion-destained by repeated washing over a 48 hr period
in 7% acetic acid. Molecular weight determinations employed
the following proteins as standards: lactalbumin, 14,400;
trypsin inhibitor, 20,000; carbonic anhydrase, 30,000;
ovalbumin, 43,000; purified cytochrome P450, 52,000
(courtesy of J. M. Browne); albumin, 67,000; and phosphory-




20 Days Mutagenesis Assay of Low
Level PAH'S
Six polycyclic aromatic hydrocarbons were tested
against the control; however, only one, fluoranthene,
seemed to have inducing properties (Fig. 3). Fluoranthene
caused an increase in the liver enzyme, cytochrome P450
(Cyt. P450), significantly (P<.02) above the enzyme level
of the control. The remaining PAH's - benzo(a)pyrene,
naphthalene, fluorene, anthracene and chrysene - did not
show significant inducing properties with the Student "t"-
Test (Table 1). These PAH's administered at 24 ng/25g body
weight for 20 days duration produced no significant induction
of the microsomal system (significance level: P<.05).
40 Days Mutagenesis Assay of Low
Level PAH's
Results obtained with a 40 days injection period are
given in Fig. 4. These data show that four of the six
compounds produced revertant counts above the control, with
chrysene and fluoranthene showing significance with the






Fig. 3. Twenty days mutagenesis assay test. Final
dose level was 24ng/25 g body weight,
administered in 10 injections of 2.4ng.
Injections were given over a period of 20
days. Control = O; fluoranthene = •;
benzo(a)pyrene = □ ; naphthalene = ■;
anthracene =A ; fluorene = A; chrysene = <p.




Mean Revertant Colonies Degrees of p . .^
Freedom ^ bevel
Control 246.25 + 23.08
Chrysene 64.88 + 7.06 21.259 14 0.0000
Anthracene 109.00 + 9.47 15.563 14 0.0000
Fluorene 84.25 + 13.52 3.892 14 0.0000
Fluoranthene 258.13 + 15.47 -1.209 14 0.2455
Naphthalene 112.75 + 8.99 15.247 14
0.0000
Benzo(a)pyrene 127.63 + 6.35 14.019 14 0.0000
Dose level was 24 ng/25g body weight, administered in 10 injections of 2.4 ng over






Fig, 4. Forty days mutagenesis assay test. Final dose
level was 48ng/25 g body weight, administered
in 20 injections of 2.4 ng. Injections were
given over a period of 40 days. Control = 0;
fluoranthene = □ ; chrysene = 9; naphthalene = ^;
benzo(a)pyrene = •; anthracene = A; fluorene = ■.
















19.66 -2.414 14 0.0286
18.64 1.644 14 0.5363
58.28 1.203 14 0.2477
12.26 -8.671 14 <0.0001
22.56 -1.842 14 0.0838
39.74 -1.188 14 0.2535
Dose level was 48 ng/25g body weight, administered in 20 injections of 2.4 ng/
injection over a period of 40 days.
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60 Days Mutagenesis Assay of Low
Level PAH'S
The 60 days injection period produced the highest
induction levels (Figs, 5,6). These tissues were selected
for spectral and gel electrophoresis analyses. Tests were
repeated three times using the varying concentrations of
liver homogenates indicated in Figs. 5 and 6. Statistical
significance was determined for the liver concentration
level showing highest activation from preliminary dose
response curve (Figs. 5,6; Tables 3,4). A dose-response
for each test compound administered over a 60 day period is
given in Fig. 7. Dose level was 2.4 ng/25g body weight
injected in 0.2 ml units every other day for the duration of
the test period.
Induction Levels of Combined PAH's
Combinations of PAH's in mixture were compared to
controls for a possible synergistic effect (Fig. 8), The
PAH's used in the mixture were benzo(a)pyrene, benzo(a)-
anthracene, benzo(f)fluoranthene, benzo(ghi)perylene,
chrysene, fluorene, fluoranthene, indeno(1,2,3cd)pyrene,
phenanthrene, pyrene and anthracene. Statistical signifi¬
cance is seen in Table 5.
Possible Induction Effect of DMSO
An experiment involving a comparison of revertant levels
of the control, which contained DMSO, and liver homogenates
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Fig. 5 Sixty days mutagenesis assay test. Final dose
level was 12n^l2b g body weight, administered
in 30 injections of 2.4ng. Injections were
given over a period of 60 days. Control = 0;
chrysene = ■ ; anthracene = □ ; fluorene = •.
LIVER
FRACTION. 10-'/ml S-9 mix
REVERTANTS/PLA Ex10^
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Fig, 6. Sixty days mutagenesis assay test. Final dose
level was 72ng/25 g body weight administered in
30 injections of 2.4ng. Injections were given
over a period of 60 days. Control = 0;
benzo(a)pyrene = •; fluoranthene = □ ;
naphthalene = ■ .





T Degrees of ^ ,T7 j P LevelFreedom
Control 490.50 + 67.14
Fluorene 1415.25 + 162.89 -14.846 14 <0.001
Anthracene 1332.63 + 122.52 -17.049 14 <0.001
Chrysene 1774.50 + 148.70 -22.259 14 <0.001
Dose level was 72 ng/25g body weight, administered in 30 injections of 2.4 ng/
injection over a period of 60 days.




Mean Revertant Colonies Degrees of
Freedom
P Level
Control 514.13 + 93.75
Naphthalene 1369.13 + 192.91 -11.275 14 <0.001
Fluoranthene 1376.50 + 101.65 -17.638 14 <0.001
05
Benzo(a)pyrene 1403.38 + 149.58 -14.248 14 <0.001
Dose level was 72 ng/25g body weight, administered in 30 injections of 2.4 ng/
injection over a period of 60 days.
DAYS
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Fig. 7. Time graph illustrating the response of each
PAH [benzo(a)pyrene (A), chrysene (□),
fluorene (0), fluoranthene (■), anthracene
(A), naphthalene (§)] and control (0) over
a period of 20, 40 and 60 days. Final dose
level was 72ng/25 g body weight administered





Fig, 8. Sixty days comparison test of control I,
control II, and combined PAH's. Final dose
level was 72ng/25 g body weight, administered
in 30 injections of 2.4ng. Injections were
given over a period of 60 days, PAH mixture
contained the following chemicals: chrysene,
anthracene, fluorene, fluoranthene, benz6(a)-
pyrene, benzo(a)anthracene, benzo(f)fluoranthene,
benzo(ghi)perylene, indeno(1,2,3cd)pyrene,
phenanthrene, and pyrene. Control I and
control II represent DMSO injected and water
injected animals, respectively. Control 1=0;
PAH's mixture = □ ; control II = •,








Control 514.13 + 93.75
CD
Combined PAH 643.63 + 84.24 -2.906 14 0.0112
Final dose level for each group was 72 ng/25g body weight, administered in 30 injections
of 2.4 ng/injection over a period of 60 days. Control I, DMSO injected animals.
Combined PAH: induction injections of benzo(a)pyrene, benzo(a)anthracene, benzo(f)-
fluoranthene, benzo(ghi)perylene, chrysene, fluorene, fluoranthene, indeno(1,2,3cd)-
pyrene, phenanthrene, pyrene and anthracene.
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from animals injected only with distilled deionized water,
are designated as control I and control II, respectively
(Fig. 8). Statistical significance of data is seen in
Table 6.
Spectrophotometric Assay of Cyt P450
Liver Tissues from 60 Days Test
The Cyt P450 spectral analyses results are given in
Table 7. The data represent an average of six trials per
compound. The ranking of the six compounds in the order
of their induction potentials are demonstrated in Fig. 9.
Gel Electrophoresis Assay of 60 Days
Test Liver Tissues Used in Mutagenesis Assay
Experimental results of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis are presented in Fig, 10.
Wells 2-9 and 12-19 were identical except for the amounts of
protein (80 yg and 30 yg, respectively. Wells 1 and 11
contained markers with 5 mg of protein. Cytochrome P450,
isolated from rabbit (by Dr. J. Browne, Atlanta University)
was added to the marker proteins at a concentration of 15 mg
of protein per ml. Each well (except 1 and 11) contained
liver extracts from 60 days test, and control II was analyzed
for possible protein band(s) different from control I.
Aging Study
Experimental results of the effect of age on the liver
microsomal activation system are shown in Fig. 11. The
Table 6. Induction Effect of DMSO.
Chemicals Used lor
Induction Mean Revertant Colonies
Student t Test
Degrees of ^ iT , P Level
Freedom
Control I 514.13 + 93.75
Control II 743.75 + 30.48 -6.588 14 0.001
Final dose level for each group was 72 ng/25g body weight administered in 30 injections
of 2.4 ng/injection over a period of 60 days. Control I, DMSO injected animals. Control
II, deionized distilled water injected animals.
Table 7. Cytochrome P450 Analyses of Polycyclic Aromatic Hydrocarbons Induced
Animals, 60 Days.
Chemicals Used for Activity Student t Test







Control I 7.80 + 0.28
Benzo(a)pyrene 19.82 + 2.85 -10.263 10 <0.0001
Fluorene 20.75 + 2.26 -13.960 10 <0.0001
Anthracene 21.53 + 1.58 -20.933 10 <0.0001
Naphthalene 23.58 + 1.23 -30.703 10 <0.0001
Chrysene 23.73 + 1.73 -22.072 10 <0.0001
Fluoranthene 24.33 + 1.62 -24.616 10 <0.0001
Final dose level was 72 ng/25g body weight, administered in 30 injections of 2.4 ng.





















Fig. 9. Sixty days mutagenesis assay test. Diagram
shows the ranking of the six compounds in











Fig. 10. Gel electrophoresis was performed on tissues
from 60 days test period. Markers of the
following molecular weights were used:
lactalbumin, 14,400; trypsin inhibitor, 20,000;
carbonic anhydrase, 30,000; ovalbumin, 43,000;
purified cytochrome P450, 52,000; albumin,
67,000; and phosphorylase b, 94,000. Wells
2-9 contained the following test samples;
control I, fluoranthene, benzo(a)pyrene,


















Fig. 11. Data represents average revertant colonies
of 8 plates. Standard deviations are
indicated by bars, corn oil injected (A),
arochlor 1254 induced (B). Induction level
was 500 yg/kg body weight administered in a
single intramuscular or i. p. injection.
® represents average revertant colonies.
(3 represents spectral analysis of cyt. P450.
* represents undetectable level of cyt. P450.
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following age groups were chosen: 3 days, 14-18 days,
4-6 months, and 14-22 months, corresponding in human life
stages to the infant (3 days and 14-18 days), adolescent
stage (4-6 months) and senescent stage (14-22 months).
Statistical results from an average of three Ames Test
from each age group are shown in Table 8, and statistical
results from an average of three spectral assays in
Table 9.




Induction Mean Revertant Colonies
Student t Test
Control Compared to Induced
Tissue for Each Age Group
T Degrees of P Level
Freedom
3 Days Corn Oil 93.29 + 6.46
3 Days Arochor 1254 182.74 + 8.72 -14.271 46 0.0007
18 Days Corn Oil 188.82 + 25.80
18 Days Arochor 1254 396.63 +140.54 -2.519 46 0.0653
180 Days Corn Oil 360.09 + 93.44
180 Days Arochor 1254 686.87 +153.57 -3.149 46 0.0350
660 Days Corn Oil 361.39 +163.46
660 Days Arochor 1254 875.65 +161.74 -3.873 46 0.0189
Induction was accomplished by either a single intramuscular or i.p. injection of either
corn oil or arochor administered five days prior to sacrifice. Revertant data is the
average of 24 plates resulting from a total of three experiments of 8 plates each.
Table 9. Aging Study - Cytochrome P450 Spectral Analyses.







for each age group










Arochor 1254 1.26+0.02 -22.111 46 0.0004
^ 660 Days
Uninduced
Corn Oil 3.30 + 0.11 46
g 660 Days
Induced





The data from 3 days and 18 days animals are not included on this table since neither




The current research data have attempted to answer
questions relating to the effects of low level chemicals,
particularly polycyclic aromatic hydrocarbons, on cyt. P450,
and the effects of induction of this liver enzyme in relation
to the aging phenomenon. It has been known for some time
that induction of liver enzyme cyt. P450 is dependent upon
the chemical dose administered to the test animals and the
type chemical given (Ames et al., 1975; Ryan et al., 1979).
In the past the test animals were given such large doses
that pathologic responses were produced, resulting in tissue
damage (Maugh II, 1978). The hormone estrone (estrogen),
for example, has been shown by several investigators to be
carcinogenic when given to laboratory animals in large doses
and is suspected of being carcinogenic to humans in large
doses. Yet, estrone is present in very small concentrations
in all humans without demonstrable evidence of harm. The
effect of low dosage is a relevant issue in terms of
environmental health, since a number of water supplies contain
trace concentrations of PAH's (EPA, 1977; New Orleans Report,
1975). The dose levels administered to the animal in our
study were adjusted to correspond to the amount of PAH that
would be injested by a 100 lb person drinking eight glasses
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of water daily over a 20, 40, and 60 day period. Generally
the mutagenesis data correlated with the increasing cyt. P450
levels, indicating activation effect of cyt. P450 on
2-aminofluorene. One exception to this is discussed in the
aging study.
Induction of Liver Microsomal Activation System
with Polycyclic Aromatic Hydrocarbons
Administered in Low Doses
Low level concentrations of PAH were shown to cause a
significant induction of liver enzyme cyt. P450. Only long
term exposure of PAH's (60 days) affected induction of this
enzyme. The initial dose period of 20 days failed to
produce significant induction levels (Fig. 3, Table 1).
With the exception of fluoranthene all the PAH's pro¬
duced a revertant colony level below the control level.
This may be attributed to the test animals experiencing some
form of trauma due to injection of the test chemicals (i.e.,
liver toxicity). Takayama et al, (1972), studying the
carcinogenic action of a single dose of N-methyl-N-nitro-
N-nitrosoguanidine (MNNG) in newborn and suckling rats, found
that 86 of the 154 rats that received a single subcutaneous
injection within 24 hr after birth died within one month
after the injection. The cause of death was acute toxicity
due to MNNG and cannibalism by the mother. However, since
older animals were used, perhaps the toxic effect was
lessened and did not result in death, but was sufficient
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enough to mask or sufficiently reduce the induction level of
cyt. P450 for this test group (Kuriyama and Omura, 1969).
Another possible explanation is that a lower degree of
hydroxylation (via cyt. P450) is occurring with the 20 day
test animals. This reaction increases with time (up to 60
days). In the case of 20 day induction with fluoranthene
the data indicates that this chemical's potency for cyt.
P450 induction is high and can account for the relatively
high mutagenesis rate obtained.
The induction of cyt. P450 over long term exposure gains
significance in light of PAH's abundance in nature (Blumer,
1976; Laflamme and Hites, 1978). Naphthalene was reported to
occur in New Orleans area finished drinking water supplies
(New Orleans Report, 1975). Fluoranthene has been detected
in finished water supplies of Huntington, Endicott, and
Philadelphia; benzo(a)pyrene in finished water supplies of
Syracuse, Buffalo, Pittsburgh, Huntington, Endicott,
Hammondsport, Philadelphia, New York City, Lake George, and
New Orleans (EPA 1977). The remaining PAH's, fluorene,
anthracene, and chrysene, have been reported in U.S. finished
water supplies (EPA SHACK DAT; 1, 1978). Concentrations
ranged from 0.05 yg/1 to 12 yg/1.
The abundance of PAH's coupled with their induction
capacity over long term exposure makes this research
significant, in that it establishes possible cause linking
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environmental PAH's to the induction of neoplasms. It is
now generally suspected that most human cancer occurs after
exposure to agents in the environment, and epidemiologic
studies have indicated a possible correlation between the
incidence of cancer and the pollution of drinking water
(Dehoven and Dien, 1975; Page et al., 1976; Kuzma et al.,
1977). Since polycyclic aromatic hydrocarbons are one group
of pollutants consistently found in drinking water, and
since the concentration used (12 yg) corresponds to the
levels found in U.S. cities (New Orleans Report, 1975; EPA,
1977), these data may Indicate the necessity of re¬
evaluating the safe levels of these chemicals in drinking
water. Additionally, since the PAH fluoranthene consistently
produced the highest induction levels at all induction times,
it should be given special attention in regulation programs.
Induction of Liver Microsome System with
Polycyclic Aromatic Hydrocarbons Administered
in Low Doses in Combinations
The specific combination of PAH administered for 60 days
appeared to have little effect on cyt. P450 level. Combina¬
tion PAH's did show significant induction of cyt. P450, but
the levels were lower than those of the individual PAH experi¬
ments. Thus, no synergistic effect was observed. If the
combination PAH was more toxic to liver tissue, this would
account for these data (Takayama et al., 1972; Guengerich,
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1977; Thomas et al., 1981; Sato and Omura, 1978).
Effects of the Solvent DMSO on
Induction of Liver Microsome System
A comparison of control II, which consisted of tissue
from animals injected only distilled deionized water, and
control I, from animals injected with DMSO dissolved in
distilled deionized water produced significant results.
Control II consistently produced a higher number of rever-
tant colonies than control I. This may have resulted from
DMSO's ability alone to react with the tissue and retard
development and organ function (Kisch et al., 1973).
Apparently, the effects of DMSO in combination with PAH
produced an induction effect greater than the toxicity
damage.
Effect of Aging on Liver
Microsomal Activation
The aging data demonstrated a clear trend, relating
cyt. P450 activity with increasing age. Although in both
control and induced, 3 days, 18 days and 180 days each
showed an increase in revertant counts, the 660 days
control (uninduced) failed to continue to show the same rate
of increase in revertant counts. The 660 days induced
sample did, however, continue the activation trend. These
results agree with those of Pitot (1977), Ebbesen (1974)
and Birnbaum and Baird (1978): senescent rodents exhibited
decreased hydroxylase activities. However, old rats respond
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to exogenous inducers as well as or better than young animals,
indicating no true impairment in regulation of hepatic drug
metabolism.
Statistical analysis of revertant counts with student
"t" test indicated the significant levels of induction at
various ages. Cytochrome analysis of P450 enzymes failed to
show any type of response in 3 day and 18 day animals.
According to Bloom and Fawcett (1975), the endoplasmic
reticulum is poorly developed in embryonic and other rapidly
proliferating cells. This probably accounts for the results
obtained in the 3 and 18 day animals. Induction of P450
following drug administration in neonatal animals (3-18 days)
was not evident, although there were two-fold (3 day) and
four-fold (18 day) increases in the activation of the pro¬
mutagen with preparations from these animals. This could
be indicative of detoxification in the younger animals by a
mechanism(s) which may neither involve cyt. P450, nor the
very low levels of P450 which are present and often not
spectrophotometrically demonstrable in the neonate. If
this were the case, then it could be presumed that the drug
hydroxylation mechanism (via mixed function oxidation) could
have a latent development in tissue with endoplasmic
reticulum, but that the presence of other mechanisms of
activation are detected by the Ames Test (Norman et al.,
1978).
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The flavoprotein and cyt. P450 are inducible; that is,
they greatly increase in concentration in the liver of
animals dosed with barbituates and other drugs (Lehninger,
1978). Amines, including amino acids, may be oxidized by
flavoproteins to form ammonia, followed by reaction of the

























The oxidation of D-amino acids is catalyzed by D-amino
acid oxidase (McGilvery, 1970). This is probably the
mechanism that reacts in the absence of the cyt. P450 system,
or until that system becomes functional. Since CO is
specific for P450, then the spectral analysis results would
be negative.
Gel Electrophoresis of 60 Days
Mutagenesis Assay
Observations of SDS-PAGE produced several significant
results. However, a problem exists in the interpretation of
these data. Johnson (1980), Thomas et al. (1981), and
Guengerich (1977) have presented evidence that each type of
chemical inducer produces a specific form of cytochrome P450.
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These forms have distinct amino acid sequences (Haugen
et al., 1975; Haugen and Coon, 1976). However, data from
this research show that control I, fluoranthene, benzo(a)-
pyrene and control II all produced bands corresponding to
forms 2, 4, and 6, with anthracene, chrysene and fluorene
indicating the presence of forms 2 and 4. Therefore, the
information given in this thesis seem to correspond to that
of Liem et al. (1981) and Poland et al. (1981), who found
that more than one form of cyt. P450 can be induced by
several compounds, such as TCDD, 3-methylcholanthrene,
3-naphthaflavone and benzo(a)pyrene. It was also suggested
by Liem et al. (1981) and Poland et al. (1981) that in¬
duction of one form may be compensated by the decrease in
another microsomal protein. The phenomenon of increased
synthesis of one form of cyt. P450 occurring at the expense
of another could explain the fact that three multiple forms
occurred in some wells and only two forms occurred in others.
Finally, the suggestion by Liem et al. (1981) that multiple
forms appear to be tissue specific for spleen, lung and
liver is consistent with the data generated in this research
and leads to a postulation that the research should be
continued by investigating the induction of these forms in
other tissues. The cyt. P450 specific stain could be
employed to differentiate between cyt. P450 and contaminat¬




The object of this research project was threefold:
(1) to use a rapid, established system (Ames Test), which
combines a rat or human liver homogenate and bacterial
tester strain, to test the effects of low dose polycyclic
aromatic hydrocarbons on the induction of cytochrome P450;
(2) to investigate the correlation between mutagenic activi¬
ty (as determined by the Ames Test) and specific activity of
liver enzymes cytochrome P450 resulting from its induction;
(3) to examine the effect of age on the liver microsomal
activation system.
Induction of the liver microsomal activation system
with polycyclic aromatic hydrocarbons administered in low
doses, with the exception of fluoranthene, initially pro¬
duced a revertant colony level below the control level (20
days test period). This suggested that the test animals
may be experiencing some form of trauma due to injections.
Only long term exposure to low doses of PAH's (60 days)
effectively induced cytochrome P450.
Specific combinations of PAH's administered for 60 days
appeared to have little effect on cytochrome P450. Combina¬
tion PAH's did show significant induction of cytochrome P450,
but levels were lower than the levels resulting from
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administration of the PAH's separately. Thus, no synergistic
effect was observed.
A comparison of tissue from animals injected only with
distilled deionized water versus tissue from animals injected
with DMSO dissolved in distilled deionized water indicated
higher revertant colonies with the former group. This may
suggest that DMSO can react with the hepatic tissue and
retard development and organ function.
Gel electrophoresis of 60 days PAH's induced tissue
produced multiple bands of cytochrome P450 forms. This
suggested that more than one form of cytochrome P450 can be
induced by compounds used in this research.
The effect of aging on liver microsomal activation
produced clear trends relating to cytochrome P450. Both
induced and uninduced animals showed increased activity
as a function of age. Uninduced animals showed a maximum
activity at 180 days with a leveling of activity at 660 days.
Induced animals maintained the increasing activity trend
through 660 days.
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